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Abstract
We have applied both high-resolution photoelectron and Auger spectroscopy to study the N 1s
core ionization of N2. From the respective spectra we are able to show that the Auger decay
involves delocalized description of core-hole states. Specifically, the Auger spectra of the
N 1sσg,u core holes to the quasi-stable final states X 1+g and D
1+u are presented. They
exhibit the gerade/ungerade splitting as well as vibrational progressions. The 1sσg/1sσu
Auger intensity ratios are, in agreement with ab initio calculations, ∼=2.1 and ∼=0.8 for the X
and the D states respectively. The large value for the X state can qualitatively be related to the
gerade or ungerade symmetry of the Auger electron.
(Some figures in this article are in colour only in the electronic version)
Core-hole localization and delocalization in molecules with
equivalent atoms have continuously fascinated many scientists
for several decades. In case of polyatomic molecules, it
seems well established that dynamical core-hole localization
due to vibronic coupling plays a role [1, 2] and may be
probed via asymmetric molecular dissociation [3–5]. In
case of homonuclear diatomic molecules such as N2, with
which we are concerned here, such dynamical core-hole
localization does not take place. Instead, employing high-
resolution electron spectroscopy, one can observe the energy
splitting of the 1σg and 1σu core-hole states [6], as a proof
of consistency with the concept of delocalized core holes
contrary to the prescription that has long been believed [7, 8].
This prescription of localized core holes in homonuclear
molecules was originally proposed by Bagus and Schaeffer
[7], since in their calculations in the early 1970s the O 1s
ionization energy of O2 was much better described with a
localized than with a symmetry-adapted, i.e., gerade/ungerade
split core hole. However, state-of-the-art symmetry-adapted
ab initio calculations reproduce for N2 the ionization energy as
well as the gerade/ungerade splitting correctly [9]. Moreover,
these calculations also reproduce the observed differences in
the potential energy curves between the 1σg and 1σu core-
hole states, i.e., they fully support the concept of delocalized
core holes. The 1σg/1σu resolved photoemission can also
be regarded as Young’s double-slit experiment in which the
photoelectron is emitted from both centres coherently with
the phase difference being equal to 0 or π for the gerade and
ungerade hole states, respectively. Liu et al [10] observed
Cohen–Fano oscillation [11], equivalent to the double-slit
interference, in the ratios of the 1σg and 1σu photoionization
cross sections. Rolles et al [12], on the other hand, observed
a partial localization of the core levels by variations in the
1σg/1σu intensity ratio using isotope-substituted 14N15N.
Interestingly, recent coincidence experiments performed
for three different molecules with inversion symmetry were
interpreted using the picture of localized core holes. In the
first experiment, Adachi et al found an asymmetry in C 1s
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the photoelectron angular distribution using the asymmetric
dissociation channel C2H2 → H+ + C2H+ [13]. C2H2 is not
a diatom but the C 1s core-hole state exhibits g–u splitting
[14]. The interpretation by Adachi et al is based on a classical
picture according to which the core hole is originally localized
on one of the atoms, with a subsequent hopping on a timescale
large compared to the core-hole lifetime.
In the second experiment, Kreidi et al [15] used the
asymmetric dissociation channel Ne2 → Ne2+ + Ne+ to
determine the orientation of neon dimers and to measure the
angular distribution of the Ne 1s photoelectron. In this angular
distribution they found similar to C2H2 an asymmetry which
is also interpreted with a localized Ne 1s core hole. Their
findings also imply that the Auger decay takes place from a
localized core hole and the detected ion gives ‘which way’ (of
the two paths via the two slits) information.
In the third experiment, Schöffler et al [16] measured in
the molecule fixed frame the photoelectron and the Auger
electron in coincidence. This experiment allowed us to
observe a localized or a delocalized core hole depending on the
detection angles. This can also be understood as a break of the
symmetry caused by the detection process, i.e., all described
coincidence experiments have in common an asymmetry in
the detection process.
In contrast to the techniques used in these three
coincidence experiments, the conventional core-level
photoelectron and Auger electron spectroscopy are the
methods which do not break the symmetry. This allowed
Sorensen et al [17] to report in a very recent publication
on evidence for the gerade/ungerade splitting in the N 1s
Auger spectrum of N2. In the present work, we show that
the 1sσg/1sσu Auger intensity ratio varies depending on the
Auger final states. Considerably improved signal-to-noise
ratios allowed us to extract such quantitative information. This
finding can be explained assuming the still-existing gerade and
ungerade symmetry of the continuum wavefunction for the
Auger electrons for N 1sσg and N 1sσu core holes, respectively.
Thus, the entire observations by the high resolution Auger
spectroscopy are in line with the concept of delocalized
core holes. In addition, we derived detailed information
on the potential energies of the Auger final dicationic states
from the detailed vibrational structures in the Auger spectra
using the recipe described elsewhere [18–20].
The experiments were carried out at the c-branch of the
beam line 27SU [21] at SPring-8 in Japan, using a Gammadata-
Scienta SES2002 electron energy analyser equipped with a gas
cell [22]. The N 1s−1 photoelectron and Auger spectra of N2
were measured at 500 eV and 600 eV, i.e., well above the shape
resonance in order to avoid any influence on the vibrational
structure. The energy scale of the photoelectron spectra was
calibrated to the value of 409.93 eV for the N 1sσ−1g state
reported by Alagia et al [23]. The calibration of the kinetic-
energy scale of the Auger spectra was derived on the basis
of the reported core-level binding energies and the excitation
energies for the dicationic states reported by Ahmad et al [24]
resulting in an accuracy of 30 meV. The overall experimental
broadenings were estimated to be 55 meV (66 meV) for the
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Figure 1. Photoelectron spectra of N2 at the N 1s ionization
threshold recorded at photon energies of 500 eV and 600 eV. For






















Figure 2. The N 1s−1 Auger spectrum of N2 recorded with
excitation energy of (a) 500 eV and (b) 600 eV. The solid lines
through the data points represent the fit results and the dashed line
the background. The vibrational progressions for the X and the D
state in the Auger spectrum recorded at (a′) 500 eV and (b′) 600 eV




Figure 1 shows the N 1s−1 photoelectron spectra of N2
recorded with excitation energies of 500 eV and 600 eV. The
spectra include two vibrational progressions which are due to
the splitting of the N 1s−1 core level into a gerade (dashed
blue) and an ungerade (solid red subspectrum) component [6].
Figure 2 shows the Auger spectra: the lower spectrum (a) is
taken using an excitation energy of 500 eV while the upper
spectrum (b) is recorded at 600 eV photon energy. The bands
around 367 eV and 359 eV, assigned to X 1+g and D
1+u
[24–26], respectively, show vibrational progressions and are
displayed in detail in figure 3.
The data analysis of the vibrational progressions has been
described in detail in previous publications [19, 20]; here we
summarize only the major ideas and the differences from the
previous procedures. To calculate the Franck–Condon factors
(FCF), we assume Morse potentials for the ground state, the
intermediate core-ionized state and the dicationic final states.
A Morse potential is defined by three parameters, namely,
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Figure 3. The N 1s−1 Auger transitions to the final states D 1+u
and X 1+g . For details, see figure 2.
the vibrational energy h̄ω, the anharmonicity xh̄ω and the
equilibrium distance Re. The values for the potential energy
curves of the ground state can be taken from the literature
[27]. The intensities of the N 1sσ−1g,u Auger transitions to a





D being the Dipole matrix element for the photoionization and
Q the Coulomb matrix element for the decay. |Dg,u|2 depends
on the excitation energy and can be derived directly from the
photoelectron spectra.
∣∣Qfg,u
∣∣2 is independent of the excitation
energy so that a parallel fitting of data taken at different photon
energies leads to further restrictions for the fit parameters.
In practice, the fit was performed in the following
manner. In the first step, the vibrational energies h̄ω and
the equilibrium distance Re for the Morse potentials of the
N 1sσ−1g and N 1sσ
−1
u intermediate states were derived
from the photoelectron spectrum; in this fit procedure the
anharmonicity was fixed to the value xh̄ω = 2.23 meV
calculated by Thiel et al [28]. Next, the Auger spectra taken
at the different energies were fitted simultaneously using the
same set of parameters for the potential energy curves of the
dicationic final states. During this fit analysis, the values for
the core-hole states were kept constant and the corresponding
fit parameters for the different final states were varied in each
iteration step until convergence was obtained. In the analysis,
vibrational lifetime interference was taken into account by
fitting the data to the Kramers–Heisenberg formula [19, 29].
Despite the strong overlap of the N 1sσ−1g and N 1sσ
−1
u lines
in the photoelectron spectra, there are no contributions of
electronic lifetime interference. This can readily be explained
by the inversion symmetry of the nitrogen molecule and the
fact that the total final state of the Auger process consists of
the dicationic final state as well as the photoelectron and the
Auger electron. Based on inversion symmetry arguments a
given total final state can be populated only via the N 1sσ−1g
or the N 1sσ−1u ionization, but never in both ways. All
spectra were convoluted with a Gaussian lineshape to simulate
the experimental resolution using the widths given above.
Transitions to other final states than X 1+g and D
1+u were
also included in the fitting.
Let us first focus on the photoelectron spectra in figure 1.
The solid lines through the data points in the figure represent
the fit results. Via the fit, we obtained an energy splitting of the
N 1sσ−1g and N 1sσ
−1
u levels of 94.5(1.0) meV, a vibrational





core-ionized state, and an equilibrium
distance Re = 1.0791(5) Å (Re = 1.0737(5) Å) assuming
an equilibrium distance of 1.0977 Å for the ground state
[27]. These values agree well with those reported previously
[6, 9]. From the peak heights of the dashed blue and
solid red subspectra in figure 1, it can be seen that the N
1sσ−1g
/
N 1sσ−1u intensity ratio depends on the excitation
energy. The ratio is 0.99 (0.75) for the spectrum measured
with an excitation energy of 500 eV (600 eV). This well-known
intensity variation [10] also influences the Auger spectra.
Let us now focus on the fit result of the Auger spectra.
In figures 2 and 3 the subspectra indicate the results for
the decomposition by the fit. The solid subspectra in
(a′) and (b′) indicate the vibrational progressions of the
transitions to X 1+g and D
1+u contributing to the 500 eV and
600 eV spectra, respectively. In analogy with the
photoelectron spectrum, the contributions of the Auger
transition starting from the gerade (ungerade) core-hole state
are indicated in dashed blue (solid red). A comparison of
the peak intensities in (b′) with the corresponding lines in
(a′) directly above reveals differences in the gerade/ungerade
intensity ratio for the spectra recorded with an excitation
energy of 500 eV and 600 eV. These differences can also
be seen directly from the spectra. As examples for this the




is more pronounced in the 500 eV spectrum but the vibrational
progression is more pronounced in the 600 eV spectrum for the




. In the present data analysis
described above, the intensity variation of the gerade/ungerade
core-hole states in the photoelectron spectrum was utilized
by fitting both Auger spectra simultaneously. In this way,
two different data sets were described with the same set
of fit parameters which led to a higher reliability of the
results.
In figures 2 and 3, contributions from the transitions to
other states than X 1+g and D
1+u are represented by the
dashed subspectrum. The broad features in figure 2 can
be attributed to the final states 1g,1 u and 1+g . The
potential energy curves of these states are strongly repulsive
in the Franck–Condon region of the Auger decay because
they have a large equilibrium distance. Some other peak
structures can be attributed to c3+u and c
1g [25, 26]. Further
details will be discussed elsewhere. The results of the fit
analysis are summarized in table 1. Given are the energy
splitting between the X 1+g and D
1+u final states as well
as equilibrium distances, Re, the vibrational energies, h̄ω and
the anharmonicities, xh̄ω, for these final states. These values
agree very well with the values obtained with other methods
[24, 30–33].
In addition, relative squared Auger matrix elements
|Q|2 = |Qu|2 + |Qg|2 as well as the ratio |Qg|2/|Qu|2 for
the individual transitions are given. The most striking finding
is that the |Qg|2/|Qu|2 intensity ratio depends on the dicationic
final state and can vary from ∼=0.8 for the D 1+u state to ∼=2.1
for the X 1+g state. In the rest of the paper, we will show
3
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Table 1. Summary of the fit results. Given are the equilibrium
distances, Re, the vibrational energies, h̄ω, and the anharmonicities,
xh̄ω, as well as the splitting E between the states X 1+g (v
′ = 0)
and D 1+u (v
′ = 0). The total Auger rates normalized to the
N 1s−1 → X1+g transition, |Q|2, and the intensity ratio for the






E (meV) 0 7.791(3)
h̄ω (meV) 252.5(2.0) 241.0(1.0)
xh̄ω (meV) 3.031 3.2(3)
Re (Å) 1.1277(20) 1.1356(20)
|Q|2exp = |Qg|2exp + |Qu|2exp 1 1.55(8)
|Q|2th = |Qg|2th + |Qu|2th 1 1.17
|Q|2th [25] 1 1.97
|Qg|2exp/|Qu|2exp 2.15(11) 0.80(4)
|Qg|2th/|Qu|2th 1.98 1.00
1 Fixed to [30].
that our ab initio calculations for the Auger rates based on the
Hartree–Fock approximation indeed reproduce quantitatively
these state-dependent g/u intensity ratios, as depicted in
table 1, and also present qualitative explanation why the Auger
intensity ratio |Qg|2/|Qu|2 to the X 1+g state is significantly
larger than 1.
Our numerical calculations of the Auger decay rates
are based on the computer codes developed earlier for the
study of photoionization process [34] and extended recently
on Auger processes [35]. The initial state for the Auger
decay is described by the self-consistent Hartree–Fock (HF)
wavefunctions of the singly-charged molecular ion. The Auger
decay amplitudes were calculated using the method proposed
by Zähringer et al [36]. For every final dicationic state the
Auger electron wavefunction was calculated in the frozen
self-consistent HF field of the corresponding doubly-charged
molecular ion. Since the Auger electron energy is large,
about 370 eV, the contribution of many-electron correlations is
expected to be negligibly small [35]. Therefore all calculations
in this paper are restricted by the HF approximation.
The relative Auger rates calculated by us are presented
in table 1. There is reasonable agreement between theory
and experiment for the intensities as well as for the ratio
of the Auger transitions. The strikingly large ratio of the
g/u Auger intensities for the X1+g state is well reproduced
by our theory. Qualitatively, this large ratio results from
the symmetry properties of the states participating in the
decay process. The decay is described by the Coulomb
matrix element 〈1σg,u, εA,g,u||r1 − r2|−1|3σg, 3σg〉 where ε is
the Auger electron energy. The partial wave expansion for
the gerade and ungerade states contains only even and odd
partial waves, respectively. As a consequence, for the 1σg hole
state the angular momentum transferred through the Coulomb
interaction takes even values starting from 0, while for the 1σu
state it has odd values starting from 1. The radial part of the
expansion of the Coulomb interaction in spherical harmonics
is given by the function rl<
/
rl+1> . The main contribution to
the Coulomb matrix element is usually given by the lowest
l. We also checked it numerically in our case. The K-
shell wavefunction is becoming negligibly small at distances
larger than 0.3a0 from the nuclei (a0 is the Bohr radius),
while the radius of the valence electron wavefunction is about
1a0. Therefore the main contribution to the radial integral
containing the 1s wavefunction is given by a small region
around the nuclei, while the main contribution to the second
integration is given by the distances of the order a0. Then for
the 1σg hole state the Coulomb factor is 1/r> ∼ 1, while for
the 1σu hole state the Coulomb factor is r<
/
r2> ∼ 0.3. That
explains qualitatively the large g/u ratio of the Auger rates
for the X1+g state. For Auger transitions with two holes in
different shells, for example, for the (3σg)−1(2σu)−1 final state(
D 1+u
)
, two Coulomb matrix elements (one direct and one
exchange) contribute to the Auger probability, one having the
leading term with l = 0, the other with l = 1, for both 1σg
and 1σu hole states, and the simple argumentation given above
does not work.
In summary, we observed vibrationally resolved Auger
spectra for N2 and derived from these data detailed information
about the potential energy curves of the quasi-stable dicationic
final states X 1+g and D
1+u . In addition, we demonstrated
that the N 1s Auger spectra for transitions to these states
exhibit the g–u splitting of the N 1s core hole, as evidence
that the Auger decay takes place from the delocalized core-
hole state and that the 1sσg/1sσu Auger intensity ratios
are ∼=2.1 and ∼=0.8 for the X and the D state. These
values are well reproduced by the symmetry-adapted ab initio
calculations. The relatively high value for the X 1+g state can
be related to the still existing gerade and ungerade symmetry
of the continuum wavefunction for the Auger electrons for
N 1sσg and N 1sσu core holes, respectively. Thus, the
entire observations are in line with the concept of delocalized
core holes, and the theoretical description using the basis of
delocalized g/u states must be adequate for any decay process.
This includes the very recent Auger electron–photoelectron
coincidence measurements in the molecule fixed frame of N2
[16], which allow us to observe localized and delocalized core
holes depending on the detection angle.
It is important to point out that in the present experiment,
where we measure only electron spectra, we do not have
‘which way’ information or symmetry breaking brought by
the experiment. In contrast, in the coincidence experiments
by Adachi et al [13] and Kreidi et al [15], where the localized
core hole is probed, the symmetry is broken by detecting
the asymmetric dissociation; this resulted in ‘which way’
information. In the experiment by Schöffler et al [16],
the break of the symmetry is brought by the asymmetric
detection of the Auger electron. As discussed by Ueda [37],
the coincident angular correlation measurements project the
entire entangled wavefunction describing the photoemission
and subsequent decay processes to the localized hole, via the
interference between the gerade and ungerade intermediate
core-hole states. Measuring only one electron leads to an
incoherent sum of the gerade and the ungerade component
in the spectrum as shown in the present experiments. The
coincidence experiments with their indication for localized
core holes are, therefore, not in contradiction with the present
4
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findings. Instead, the different interpretations are due to
the different detection mechanisms. Consequently, for each
discussion about the localization or delocalization of a core
hole the detection mechanism has to be carefully taken into
account.
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